tive or negative change in the hemodynamic signal corresponding to the baseline level of electrophysiological Using two-dimensional optical measurements of hemodynamic signals, simultaneous recordings of neuactivity. Since the hemodynamic response is measured as a change from baseline, the response to the absence ral activity, and an event-related stimulus paradigm, we demonstrate that (1) there is a strongly nonlinear of a stimulus (or zero stimulus amplitude) should be zero, and thus the curve would be expected to go through the relationship between electrophysiological measures of neuronal activity and the hemodynamic response, origin. The present report represents the first systematic (2) the hemodynamic response continues to grow beyond the saturation of electrical activity, and (3) the study with sufficient statistical power to quantitatively characterize the nonlinear relationship between changes initial increase in deoxyhemoglobin that precedes an increase in blood volume is counterbalanced by an in blood oxygen content and the neural spiking and synaptic activity by employing high signal-to-noise ratio (SNR) equal initial decrease in oxyhemoglobin.
der Loos, 1970). Tactile whisker stimulation produces coupling model, where the hemodynamic signal is asneural and hemodynamic responses that localize to corsumed to be proportional to a measure of neural activity.
responding barrels (Masino et al., 1993 ). This system is If a linear relationship were a satisfactory approximation, perfectly suited for studying small and spatially localized this would greatly simplify the analysis and interpretacortical activations. tion of fMRI data (Heeger and Ress, 2002). Indeed, a Single deflections of a single whisker produced a reliable hemodynamic signal with a spatial extent comparable to that reported in previous studies ( increasing stimulus intensity. However, in contrast to Quantitative estimates of the concentrations of Hb, the electrophysiological parameters, there was no indiHbO, and HbT were obtained by fitting the observed cation of saturation of the hemodynamic response at higher amplitudes ( Figure 5D ). As a result, the relationsignal changes at all wavelengths to a model, taking (1) sponse continues to grow beyond the saturation of electrical activity, and (3) the initial increase in deoxyhemoas shown in Figure 5E (solid lines). Note that a linear globin that precedes an increase in blood volume is relation corresponds to b ϭ 1. However, the value b ϭ counterbalanced by an equal initial decrease in oxyhe-1 falls far below the 95% confidence intervals for b moglobin. shown above the plots, indicating a significant nonline-A number of improvements in experimental design arity.
can explain the disagreement between our results and previous studies that inferred a linear relationship. First, electrophysiological and hemodynamic signals were recorded simultaneously from the same cortical location (same barrel). Second, rapid and randomized eventrelated stimulus presentation methodology allowed a large number of stimulus trials (990 trials for each stimulus amplitude). This method is robust against slow drifts in baseline conditions. Data can therefore be acquired for long periods of time until the desired SNR level is reached. High reproducibility of the results allowed across-animal averaging. Likewise, high SNR and rich two-dimensional sampling of the hemodynamic data account for our ability to resolve the initial increase in Hb, which is accompanied by an initial decrease in HbO (Figure 2 ). This observation, which we interpret as reflecting a transition of HbO into Hb during the initial dip, is of particular importance for refining models of the Our findings would be consistent with a saturating nonlinear relationship between neurotransmitter release and synaptic currents (e.g., due to the depolarization of postsynaptic membranes toward the reversal potential), and a roughly linear relationship between neurotransmitter release and the hemodynamic response. More formally, we would propose the following model:
where y(t ) and u(t ) are the measured hemodynamic and electrophysiological signals, respectively, as a function of time, t. h(t ) is a hemodynamic impulse response func- given in Equation 1. In order to relate this result to optical imaging or fMRI studies, consider an event-related experimental paralarge enough to reach a plateau of the hemodynamic digm in which brief stimuli of various experimental conresponse. In other sensory systems, such as the visual ditions are presented in an arbitrary sequence. If the and auditory systems, stimulus intensities cover many neuronal response to each stimulus of a given type or orders of magnitude, and stimulus intensity is coded by condition can be assumed to be time invariant (i.e., indethe neural system logarithmically. In our system, mependent of stimulus history), Equation 3 can be closely chanical constraints on whisker movement do not allow approximated by the following linear expression deflection amplitudes and velocities larger than those we used. It might be possible to reach hemodynamic It has to be investigated whether our conclusions can higher primates, can be expected to improve the accuracy and reliability of conclusions based on fMRI and generalize to other brain areas, other stimulus paradigms, and the awake versus anesthetized state. Lauritmay greatly facilitate the integration of multiple imaging modalities. zen's group, using cerebellum as a model, has demonstrated an increase in the blood flow despite inhibition 
